In this section, various formulae of the Bethe theory and its elaborations will be stated briefly without derivation. For a detailed discussion of stopping-power theory, the reader is referred to the many excellent reviews in the literature, e.g., Bohr (1948) , Bethe and Ashkin (1953) , Uehling (1954) , Fano (1963) , Inokuti (1971) , Jackson (1975) , Sigmund (1975) , and Ahlen (1980) . The linear collision stopping power, with dimension of energy/length, will be denoted as -(dE/dx)eo! or Seo!' It is often more convenient to consider the corresponding mass collision stopping power, Seo!/ p, where p is the density of the medium. The change from linear to mass stopping power largely removes the dependence on the density, except for a residual dependence due to the density-effect correction. With Seo! in MeV cm-1 and pin g cm-:l, Seo!/ pis expressed in units of MeV cm 2 g-l.
The collision stopping power is due to energy transfers from the incident particle to bound atomic electrons. We denote by d old W the 'differential cross section (per atomic electron) for inelastic collisions resulting in an energy transfer of W. The mass collision stopping power can then be expressed as (2.1) where N is the number of atoms per gram of the medium and Z is the atomic number. The quantity N = N A/MA = (uA)-1, where N A = 6.022045 X 10 2 :1 mol-1 is the Avogadro constant, M A is the molar mass in g mol-I, A is the relative atomic mass (sometimes symbolized by Ar) and u = 1.6605655 X 10-24 g is the atomic mass unit (1/12 of the mass of an atom of the nuclide 12C).
Following the formulation of Uehling (1954), we now discuss the results of Bethe's evaluation of the stopping power equation (Eq. 2.1). These results are applicable to electrons and positrons, mesons, protons, alpha particles and to fully stripped heavy ions. The energy transfers, W, to atomic electrons in inelastic collisions are divided into two classes, depending on whether they are smaller or larger than some cutoff value, We, which must satisfy two conditions: (a) We must be large compared to the binding energies of the atomic electrons of the stopping medium; and (b) the impact parameters associated with energy losses smaller than We must be large compared to atomic dimensions.
The mass collision stopping power is then expressed as the sum of two components, 1 1 1
The main result of the Bethe theory, applicable to electrons and heavy charged particles, is that
where re is the classical electron radius, me 2 is the electron rest energy, ;3 is the velocity of the incident particle (projectile) divided by the velocity of light, z is the projectile charge in units of the charge of the electron, and / is the mean excitation energy of the medium.
Using numerical values from Cohen and Taylor (1973) for the various physical constants, one finds that 211-r~mc2 u (21f) X (7.940775 X 10-26 cm 2 ) X (0.5110034 MeV) 1.6605655 X 10-24 g = 0.153536 MeV cm 2 g-l.
Equation 2.3 is valid when the velocity of the projectile is large compared to the velocities of the atomic electrons. Applied to the electrons in the K shell, this implies the requirement that (Z/137;3) « 1.
The stopping-power component due to close collisions is evaluated as if the atomic electrons were free and at rest:
W is now the differential cross section for energy transfer W in a collision with a free electron, and
where
is the largest possible energy transfer, with r the ratio of the kinetic energy of the projectile to its rest energy, and m/M the ratio of the electron mass to that of the projectile.
Stopping-Power Formulae for Heavy Charged Particles
Formulae for heavy charged particles are given here because they are needed for the analysis of experimental data employed to obtain mean excitation energies.
When m « M, Eq. 2.5 can be approximated by
( 2 6) W m -2 r r + 2 mel'l 2 .
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The differential energy-transfer cross section is (Uehling, 1954; Fano, 1963) : As expected for a consistent treatment, the quantity We, which separates hard and soft collisions, does not appear explicitly in Eq. 2.8. The accuracy of the stopping-power formula is improved by the addition of the following corrections:
(1) A shell correction,4 which compensates for the fact that the projectile velocity is not necessarily large compared to the velocity of the target electrons;
(2) A density-effect correction which accounts for the reduction of the stopping power due to the polarization of the medium; and
(3) Corrections which represent departures from the first Born approximation.
Following Lindhard (1976), Andersen et al. (1977) , and Ritchie and Brandt (1978) , the mass collision stopping-power formula is written as
where L(j3), the stopping number per atomic electron, is expressed as the sum of three terms, L(j3) = Lo + ZLI + z2L 2 .
(2.10)
The first term,
adds to Eq. 2.8 a shell correction, C/Z, and a densityeffect correction, 15/2. These corrections will be discussed further in Sections 3.2 and 6, respectively. The second and third terms in Eq. 2.10 extend the treatment beyond the first Born approximation. The term ZLI is often referred to as the "Z:l correction." Because of the appearance of an odd power of z, the stopping power for particles with positive and negative charge will differ, and this was, in fact, first observed by Barkas et al. (1956) . For this reason, following Lindhard (1976), we shall refer to the ZLI term as the Barkas correction. It was first calculated by Ashley et al. (1972, 1973) in a semi-classical approximation, using a harmonic-oscillator model and assuming that only distant collisions contribute to the effect. The assumed minimum impact parameter (approximately equal to the orbital radius of the atomic electrons) is not precisely specified by the theory, and its value must be adjusted on the basis of experimental stopping-power data. Other derivations of the Barkas correction, leading to similar results, have been given by Jackson and McCarthy (1972) who used a somewhat different quantum-mechanical cut-off procedure, by Hill and Merzbacher (1974) who carried out a quantum-mechanical perturbation calculation for distant collisions, and by Lindhard (1976) on the basis of his free-electron-gas model. This report uses the theoretical results of Ashley et al. (1972, 1973) as given by them in terms of a numerical function F ARB which is defined such that (2.12) where a = 1/137.03604 is the fine-structure constant. The muliplier b in the argument of F ARB is related to the choice of the minimum impact parameter, and usually has a value between 1 and 2 (see Table 3 .4).
The correction term z2L 2 in Eq. 2.10 is contained in an extension of Bethe's stopping-power formula due to Bloch (1933) , and will, therefore, be called the Bloch correction. Bloch's formula is based on a quantummechanical impact-parameter method that takes into account, approximately, the perturbation of the wave functions of the atomic electrons due to the incident particle. The Bloch correction has the form z2L 2 = 1/-'(1) -Re[1/-'(1 + iy)], (2.13) where y = z a/j3, and where Re 1/-' is the real part of the logarithmic derivative of the gamma function. Using properties of this function (see e.g., p. 259 in Abramowitz and Stegun, 1964) , one can transform Eq. 2.13 into 00 z2L 2 = _y2 L [n(n 2 + y2)]-1.
(2.14) n=l For very small y, the Bloch correction is negligible.
For y » 1, the value of z2L 2 can be shown to approach -0.577 -In y. When this asymptotic value is added to the stopping number (square brackets in Eq. 2.8), the resulting stopping formula is the same as the classical formula of Bohr (1913).
Stopping-Power Formulae for Electrons and Positrons
For electrons, large energy transfers to atomic electrons (considered as free) are governed by the M¢ller (1932) cross section, 27Tr 2 mc 2 dW dO"= ;2 W2 X [1 + (T ~~)2 + (T: 2 1)2 (~2 ' (2.15) where T = T/mc 2 is the ratio of the kinetic energy of the incident electron to its rest energy. The M~ller cross section takes into account relativity and spin effects as well as exchange effects resulting from the indistinguishability of the incident and target electrons. By convention, the collision stopping-power is calculated for the faster of the two electrons emerging from the collision. The maximum possible energy transfer W m, while equal to T according to Eq. 2.5, is, therefore, taken to be equal to T/2. With the M~ller cross section, and using Eqs. 2.1, 2.2, and 2.4, one obtains the following formula for the electron mass collision stopping power (Rohrlich and Carlson, 1953; Uehling, 1954) : (2.16) where F-(T) = (1 -jJ2)[1 + T2/8 -(2T+ 1) In 2].
(2.17)
One half times the quantity in square brackets in Eq. 2.16 is the stopping number per atomic electron,5 L(jJ), and is analogous to the stopping number L(jJ) for heavy charged particles in Eq. 2.9.
For positrons, energy transfers larger than We are treated by the Bhabha (1936) cross section (given by Eq. 5 The factor liz arises because it is conventional to use 27r for electrons and 47r for heavy charged particles in the leading factor of the stopping-power formula. 10 in Uehling, 1954) . There are no exchange effects, and the maximum possible energy transfer is W m = T. The mass collision stopping-power formula for positrons is similar to that for electrons, except that Fis replaced by
Some remarks are necessary regarding the absence of shell corrections from the electron stopping-power formula, Eq. 2.16. For heavy particles, such corrections have been developed on the basis ofthe assumption that the projectile particle can be considered equivalent to a perturbing potential whose center moves with constant velocity. This assumption, while satisfied for protons down to rather low velocities, is much less applicable to electrons, so that there is no sound theoretical basis for extending the available shell-correction theory to electrons.
Corrections to the Bethe theory, analogous to shell corrections for stopping power, have been discussed by Inokuti (1971) in regard to excitation cross sections. He indicates that these corrections contain an additive term proportional to the ratio of electron to projectile mass, m/M, such that the corrections can be expected to be significantly larger for electron projectiles (for which M = m) than for protons. It seems likely that this will also be the case for stopping-power shell corrections.
We have attempted to make a rough estimate of the possible error in the calculated electron stopping power due to the omission of a shell correction term, assuming, arbitrarily, that the error is twice as large as the reduction of the stopping power for protons with the same velocity. At an electron energy of 100 keV, the error is then estimated to be ~0.3% for H 2 0, ~0.7% for AI, ~1.3% for Cu, ~2% for Ag, and ~3% for Au. At 10 keV, the corresponding error estimates are ~2% for H 2 0, ~4% for AI, ~9% for Cu, ~12% for Ag, and ~21 % for Au. The use of Eq. 2.16 is questionable at energies below 10 keV. However, for low-Z materials, such as water, air, or plastics, the evidence presented later in Section 8 suggests that the errors may be no greater than ~3% at 5 keV, ~7% at 2 keV, and 10 to 15% at 1 keV.
